The 5′→3′ exoribonucleases (XRNs) have important functions in transcription, RNA metabolism and RNA interference. The structure of Rat1 (also known as Xrn2) showed that the two highly conserved regions of XRNs form a single, large domain that defines the active site of the enzyme. Xrn1 has a 510-residue segment after the conserved regions that is required for activity but is absent from Rat1/Xrn2. Here we report the crystal structures of Kluyveromyces lactis Xrn1 (residues 1-1,245, E178Q mutant), alone and in complex with a Mn 2+ ion in the active site. The 510-residue segment contains four domains (D1-D4), located far from the active site. Our mutagenesis and biochemical studies show that their functional importance results from their ability to stabilize the conformation of the N-terminal segment of Xrn1. These domains might also constitute a platform that interacts with protein partners of Xrn1.
a r t i c l e s
The 5′→3′ XRNs belong to a family of conserved enzymes in eukaryotes and have important functions in transcription, RNA metabolism and RNA interference. In fungi and animals, two XRNs have been identified. Xrn1 (175 kDa) is primarily cytosolic and is involved in the degradation of decapped mRNAs, nonsense-mediated decay and microRNA decay, and is essential for proper development [1] [2] [3] [4] [5] . The Xrn1 homolog in Drosophila, known as Pacman, is required for male fertility 6 .
Xrn2 (115 kDa) is primarily nuclear, and its ortholog in Saccharomyces cerevisiae, more commonly known as Rat1, was initially suggested to have roles in RNA trafficking from the nucleus to the cytoplasm 7, 8 and in transcription of some genes by RNA polymerase III (Pol III) 9 . More recent studies have identified Xrn2 as the exoRNase that is crucial for transcription termination by Pol II [10] [11] [12] [13] and Pol I 14, 15 according to the 'torpedo' model. Rat1/Xrn2 also promotes telomere elongation 16 and (together with Xrn1) the degradation of hypomodified mature tRNAs 17 . The Rat1/Xrn2 ortholog in Schizosaccharomyces pombe is required for proper chromosome segregation 18 . Of the three homologs of Xrn2 in the plant Arabidopsis, two function in the nucleus as suppressors of RNA silencing 19 , whereas the third functions in the cytoplasm in the ethylene response pathway 20, 21 and in RNA interference 22 .
XRNs share two highly conserved regions (CR1 and CR2), corresponding to residues 1-354 and 426-595 of human Xrn1 (Fig. 1) , with 58% sequence identity among the Xrn2 proteins and 48% identity between Xrn1 and Xrn2 ( Supplementary Fig. 1) . A cluster of seven conserved acidic residues in CR1 23, 24 is expected to coordinate two metal ions for catalysis 25 . In comparison, conservation of residues outside CR1 and CR2 is much weaker. However, the poorly conserved segment of about 120 residues just after CR2 is required for the function of Rat1/Xrn2 (ref. 18) .
Xrn1 is larger than Xrn2 because it has a much longer C-terminal segment, most of which is unique to Xrn1 (Fig. 1) . Weak sequence conservation among Xrn1 proteins is observed up to residue 1,180 of human Xrn1 or 1,240 of S. cerevisiae and K. lactis Xrn1 ( Supplementary  Fig. 1 ). This weakly conserved segment of approximately 570 residues is required for the nuclease activity of Xrn1. A C-terminal truncation mutant of S. cerevisiae Xrn1, in which residues 1,206-1,528 are removed and therefore only the last 40 residues of this segment are lacking, could not complement the growth defect in xrn1 null cells and had essentially no exonuclease activity in vitro 23 .
The crystal structure of S. pombe Rat1/Xrn2 in complex with its activating partner Rai1 (ref. 26) revealed that the two conserved regions of XRNs form a single, large domain. The poorly conserved segment directly after CR2 has tight interactions with CR1, and it also mediates recruitment of . However, it is not known whether Xrn1 has a structurally equivalent segment or, more importantly, why the 570-residue segment that follows CR2 in Xrn1 is required for activity.
We report here the crystal structures at 2.9-Å resolution of K. lactis Xrn1 (residues 1-1,245, E178Q mutant), alone and in complex with a Mn 2+ ion in the active site. The 570-residue segment that follows CR2 consists of two parts-a 60-residue segment directly after CR2 that has some similarity to the 120-residue C-terminal segment of Rat1/Xrn2, and a 510-residue segment that contains four additional domains (D1-D4). The four domains are located far from the active site but may help to stabilize the N-terminal segment of Xrn1 for catalysis.
Overall structure of Xrn1
Residues 3-1,240 of K. lactis Xrn1 form a compact structure overall, in the shape of a rectangular box, with dimensions of 80 Å × 60 Å × 35 Å (Fig. 2a) . Only the linker segment (residues 354-503) between the two conserved regions and residues 979-1,109 (domain D3, see below) are positioned outside this overall compact structure (Fig. 2b) .
Residues in CR1 are located in the center of the structure of Xrn1 (Fig. 2a) . CR2 (residues 505-673) surrounds one side of CR1, forming one edge of the box and helping to define the active site landscape (Fig. 2a) . Residues 732-1,240 at the C terminus of the recombinant protein surround the other side of CR1. This 510-residue segment is unique to Xrn1 and has no equivalents in Rat1/Xrn2 (see below). On the other hand, residues 674-731 of Xrn1, which directly follow CR2 in the primary sequence, form a long, extended structure that has some similarity to the equivalent segment of Rat1/Xrn2 (see below).
The segment that is poorly conserved between CR1 and CR2 forms a distinct domain in this structure, connected to CR1 through a 13-turn, 70-Å-long helix that places the domain far away from the rest of the structure (Fig. 2b) . The domain contains a three-stranded antiparallel β-sheet with helices on one face. Many of the loops in this domain, as well as the loop that connects it to CR2, are disordered. This domain mediates the formation of a dimer in the crystal (Supplementary Fig. 2 ). This dimer is probably a crystal-packing artifact, as gel-filtration data indicate that K. lactis Xrn1 is monomeric in solution. Human Xrn1 contains only 70 residues for this segment, which is much shorter than that in K. lactis Xrn1 (150 residues; Fig. 1) . Therefore, this domain is unlikely to be present in human Xrn1, and may instead be unique to the fungal Xrn1 proteins.
Comparison to the structure of Rat1/Xrn2
The overall structures of CR1 and CR2 of Xrn1 are similar to the equivalent regions of Rat1/Xrn2 (Fig. 2c) , consistent with their high degree of sequence conservation (Supplementary Fig. 1 ). The r.m.s. distance for 437 equivalent Cα atoms of CR1 and CR2 between the two structures is 1.4 Å. Most of the central β-sheet and its surrounding helices of CR1 have the same conformation in the two structures. However, helices αB and αD, as well as several connecting loops (for example the β5-αG segment), have clear differences between the two structures ( Fig. 2c) . Another important structural difference concerns the tower domain (helix αD) in Rat1/Xrn2. The equivalent helix in Xrn1 is shorter, and Xrn1 does not have a pronounced structural feature in this region, consistent with earlier suggestions based on sequence analysis 26 .
The 60-residue segment that directly follows CR2 in Xrn1 (residues 674-731) forms a structure that shows general similarity to that of the equivalent segment in Rat1/Xrn2 (Fig. 2c) . The N-terminal part of this segment covers up one edge of CR1, and the C-terminal part traverses the bottom of CR1, although its exact location is noticeably different from that of Rat1/Xrn2 (Supplementary Fig. 3 ). 
a r t i c l e s
This segment of Rat1/Xrn2 also mediates interactions with Rai1 (ref. 26) . The structural and amino acid sequence differences in this region of Xrn1 therefore define the molecular basis of why it cannot interact with Rai1.
Unique structural features of Xrn1
In addition to the structural differences between Xrn1 and Rat1/Xrn2 described above, Xrn1 contains a 510-residue C-terminal extension that is absent from Rat1/Xrn2 ( Fig. 1) .
Our structure shows that these residues form three distinct domains (D1, D2 and D4), with possibly another domain (D3) that is mostly disordered in the current crystal (Fig. 2a) . Residues in domains D1 and D4 cover up one side of CR1, but the four domains are located more than 20 Å away from the active site of Xrn1. Unexpectedly, domains D1, D2 and D4 contain a similar central, five-stranded β-barrel core, with an r.m.s. distance of 1.4 Å for approximately 40 equivalent Cα atoms ( Supplementary Fig. 4 ). The sequence identity among these structurally equivalent residues is only about 15%. The backbone fold of this β-barrel core is related to that of tudor domains, chromo domains and others 30 , based on a DaliLite search through the PDB 31 . Most of these domains are involved in protein-protein interactions, some of which are mediated through methylated lysines. However, the cluster of aromatic residues in tudor and chromo domains that is important for binding methylated lysines is absent from Xrn1, suggesting that these Xrn1 domains are unlikely to recognize methylated proteins.
The structure of domain D1, formed by residues 732-914, also contains several additional features in the periphery, including two three-stranded β-sheets and two helices (Fig. 3a) . The closest structural homolog for its central β-barrel core is the chromo-domain of S. cerevisiae Eaf3 (Supplementary Fig. 4) 32, 33 . However, the Z score from DaliLite is 6.5, and the sequence identity for structurally equivalent residues is 12%, suggesting that the homology is weak. Domain D2 is formed by two stretches of Xrn1, residues 915-960 and 1,134-1,151 (Fig. 3b) , as there is an insert (residues 961-1,133) between the third and fourth strands of the β-barrel. This domain has intimate interactions with domain D4 but does not contact CR1 directly. Domain D4 is formed by residues 1,152-1,240 as well as residues 961-978 and 1,110-1,133 at the two ends of the insert in D2 (Fig. 3b) . The closest structural homologs of these two domains include a tudor domain in JMJD2A 34 , a domain in the transcription anti-termination factor NusG 35, 36 , the N-terminal domain of type II restriction endonuclease Hpy99I 37 , and the CPH domain of Cul7 and PARC 38 (Supplementary Fig. 5 ). The Z scores of these structural comparisons are ~6.5, with sequence identities of ~15%.
As domains D2 and D4 have strong interactions with each other, they are reminiscent of the double tudor domains that have been observed in some proteins, such as 53BP1 (refs. 39,40) and Crb2 (ref. 41) . However, structural overlays show that the relative orientations and positions of domains D2 and D4 in Xrn1 are different from those in these other double tudor domains. Domains D1 and D4 have close contacts with CR1 ( Fig. 2a) , burying roughly 2,000 Å 2 of surface area in this interface (Supplementary Fig. 1) . One of the three-stranded β-sheets in the periphery of domain D1 interacts with the N-terminal segment (helix αA and strand β1) and helix αH of CR1 (Fig. 3a) . Domain D4 primarily interacts with the loop after β1, helix αC and the β6-β7 loop in CR1 (Fig. 3b) .
The current structure leads us to suggest that there is another domain (D3). This domain is formed by residues 979-1,109 in the insert of domain D2 (Fig. 1) . Two helical segments of this domain can be modeled in three of the four Xrn1 molecules. These two helices are positioned far away from the rest of the structure (Fig. 2b) and show large structural differences among the Xrn1 molecules. Residues in this putative domain show reasonable conservation between human and yeast Xrn1 (Supplementary Fig. 1 ), suggesting that it may also have a role in Xrn1 function (see below). 
The active site of Xrn1
The active site of Xrn1 is located in a deep pocket near the bottom of the αD helix in CR1 (Fig. 4a) . As in Rat1/Xrn2 (ref. 26) , CR2 encircles the active site in Xrn1 but makes few direct contributions to it (Fig. 4b) . Nonetheless, this active site landscape probably explains why the XRNs are exoribonucleases. The location of the active site in a pocket is unlikely to be compatible with an endonuclease activity. Domains D1-D4 are located far from the active site. The amino acid sequences of these four domains contain an excess of basic residues (the pI of the entire 510-residue segment is about 10), as also indicated by the positively charged surface patches in domain D4 (Fig. 4a) , which suggests that these domains might help to bind the RNA substrate. In comparison, the molecular surface of Rat1/Xrn2 is more electronegative in nature (Fig. 4b) . The pI for the conserved regions of Xrn1 and Rat1/Xrn2 is about 5.5 (ref. 23) . Almost all the residues in the active site region are highly conserved among the XRNs (Supplementary Fig. 1 ). The seven conserved acidic residues correspond to Asp35, Asp86, Glu176, Glu178, Asp206, Asp208 and Asp291 in K. lactis Xrn1 (Fig. 4c) . The N-terminal end of helix αD provides several positive (lysine and arginine) and hydrophilic (glutamine) residues to the active site. Helix αB also contributes several hydrophilic residues to the active site. Only three side chains in CR2-Tyr547, Tyr548 and Gln591-are located near the active site (Fig. 4c) , and all three residues are conserved among the XRNs.
By co-crystallizing the E178Q mutant with 5 mM MnCl 2 ( Table 1) , we could observe the binding of one Mn 2+ ion in the active site (Fig. 4c) . The metal ion is tightly coordinated by the side chains of three of the conserved acidic residues-Asp206, Asp208 and Asp291 (Fig. 4d) -with distances of roughly 2.1 Å. There are no conformational changes in the enzyme upon the binding of this cation.
Domain D1 is required for nuclease activity
We next assessed the functional importance of the Xrn1-specific domains observed in the structure. We created three internal deletion mutants, removing residues 355-492 (the linker between CR1 and CR2), 993-1,098 (domain D3) and 927-1,145 (domains D2 and D3), as well as two C-terminal truncations, removing residues 752-1,453 (from domain D1 onward) and 916-1,453
(from domain D2 onward) of K. lactis Xrn1. The structure suggests that removing D3 or D2 and D3 is unlikely to have a large impact on the interactions of domains D1 and D4 with the rest of the structure (especially CR1; Fig. 2a ). All these mutants were expressed in and purified from Escherichia coli. All gave clean gel-filtration profiles (Supplementary Fig. 6 ), suggesting that the deletions did not affect the overall folding of the protein. Exonuclease activity was measured using a 240-nt RNA substrate labeled at its 3′-end as well as a 55-nt single-stranded DNA substrate labeled at its 5′-end. Wild-type K. lactis Xrn1 (residues 1-1,245) showed strong, time-dependent degradation of the RNA substrate (Fig. 5a) . The activity seemed to be mostly processive, as there was little evidence for intermediates in the reaction.
We next analyzed the nuclease activity of the mutants. Deleting domain D3 or D2 and D3 essentially abolished nuclease activity toward the RNA substrate (Fig. 5b) . On the other hand, the domain in the linker segment between CR1 and CR2 was not required for activity (Fig. 5b) , consistent with its poor conservation among the XRNs. We also introduced a double mutation, K388A K389A, in the long helix in this region, and it had little impact on nuclease activity. The truncation mutant that lacked all four domains (∆752-C terminus) was inactive (Fig. 5b) . By contrast, the truncation mutant that lacked domains D2-D4 (∆916-C terminus) showed weak nuclease activity. To assess the nuclease activity of the proteins more carefully, we followed the reactions in a time course. The data confirmed that the mutant lacking the linker segment between CR1 and CR2 had slightly lower activity than the wild-type enzyme, whereas the derivative lacking domains D2-D4 had much lower activity (Supplementary Fig. 7) .
We further characterized the nuclease activity of wild-type Xrn1 and the deletion mutants using the ssDNA substrate. Earlier studies showed that yeast Xrn1 has nuclease activity toward ssDNA 23, 24, 28 . Wild-type K. lactis Xrn1 readily degraded the ssDNA substrate, whereas the truncation mutant that lacked all four domains (∆752-C a r t i c l e s terminus) was essentially inactive (Fig. 5c) . On the other hand, the truncation mutant that lacked domains D2-D4 (∆916-C terminus) and the two internal deletion mutants showed weak activity. We also assessed the functional importance of the highly conserved residues in the active site of Xrn1 (and Xrn2). Many of them, especially those in CR1, have been examined earlier by mutagenesis studies 23, 24 . We selected several additional conserved residues in the active site for study, especially the three conserved residues in CR2 that make contributions to the active site-Tyr547, Tyr548 and Gln591 (Fig. 4c) . The experiments confirmed that the E178Q mutant had essentially no nuclease activity (Fig. 5b) . The D35A mutation also abolished activity. The R100A and Y547A Y548A mutants maintained some activity toward the RNA substrate, although they both showed the presence of intermediates in comparison to the wild-type enzyme. Finally, the Q96A, N131A and Q591A mutations had only small effects on nuclease activity, as confirmed by time course experiments (Supplementary Fig. 7 ).
Domain D1 may stabilize the N-terminal segment
The crystal structure suggests a possible explanation for the functional importance of domain D1. It has close interactions with the N-terminal segment, and the N terminus is located near the active site (Fig. 3a) . Therefore, domain D1 may help to define or stabilize the conformation of the N-terminal segment, which might be important for Xrn1 catalysis.
To assess the functional importance of the N-terminal segment of Xrn1 for its nuclease activity, we created a deletion mutant that removed the first four residues (∆1-4) (Fig. 3a and Supplementary  Fig. 1 ). The mutant was purified following the same protocol as above and behaved the same on a gel-filtration column as wild-type Xrn1. However, this mutant had markedly reduced nuclease activity toward the 55-nt ssDNA substrate (Fig. 5d) . The experimental data are consistent with our model for why domain D1 is required for nuclease activity. Domains D2-D4 might help to maintain domain D1 in the correct conformation, thereby indirectly stabilizing the conformation of the N-terminal segment.
We carried out additional experiments to characterize other possible molecular mechanism(s) for the reduced activity of the deletion mutants, including electrophoretic mobility shift assays and thermal shift experiments 42 . The mutations weakened but did not disrupt binding of the 240-nt RNA (Fig. 6) . The RNA substrate seemed to be able to bind multiple copies of Xrn1, resulting in a complex that failed to migrate into the gel for the wildtype enzyme at higher concentrations (Fig. 6) . By contrast, several intermediate complexes were observed with the mutants, probably because the mutants had weaker affinity for the RNA. These data suggest that the four Xrn1-specific domains contribute to RNA binding, which may be important for recruiting substrate and possibly for other functions.
The mutations also reduced the thermal stability of the enzyme (Supplementary Fig. 8) . Therefore, the Xrn1-specific domains might a r t i c l e s also stabilize the overall structure of Xrn1, facilitating its catalysis. This is somewhat reminiscent of Rat1/Xrn2, as Rai1 can stimulate Rat1 nuclease activity by binding and stabilizing its overall structure 26, 27 . At the same time, the mutant that lacked the CR1-CR2 linker also had reduced thermal stability but was nonetheless fully active ( Fig. 5b) , suggesting that there is not a direct correlation between stability and nuclease activity.
DISCUSSION
We report the crystal structure of an Xrn1 enzyme, which shows that the 510-residue segment that is unique to Xrn1 forms four distinct domains. Biochemical data show that these domains are important for catalysis by Xrn1, even though they are located far from the active site and are only weakly conserved among the Xrn1 enzymes. Therefore, the highly conserved core of the XRNs (CR1 and CR2) is not sufficient for enzyme activity, and requires the help of less conserved segments (or another protein, such as Rai1 in the case of Rat1/Xrn2) for stability or activity.
The four Xrn1-specific domains probably have other important functions besides catalysis. Xrn1 interacts with many proteins during its functions in RNA metabolism 5 , and the new domains might constitute a platform for the recruitment of these other proteins. Two weakly conserved surface patches can be identified in domains D1, D2 and D4 (Fig. 7a,b) . The conserved surface patches may mediate interactions with these other proteins or with the substrate of Xrn1.
The position and coordination pattern of the Mn 2+ ion in Xrn1 seem to be unique among enzymes with homologous structures (Supplementary Fig. 9 ). The observed positions of the metal ions are highly variable in these other enzymes 43 , including bacteriophage T4 RNase H 44 and flap endonucleases [45] [46] [47] [48] . The distances between the metal ions and their ligands in these other structures are often 3 Å (or more), too far for liganding interactions. Our inability to observe binding of a predicted second metal ion to the E178Q mutant suggests that the mutation may have disrupted the other binding site (Supplementary Fig. 9 ).
Although most of the residues in the active sites of Xrn1 and Rat1/Xrn2 are conserved (Supplementary Fig. 1) , the positions and conformations of many of these residues show clear differences between the two structures. For example, the two conserved acidic residues that coordinate the Mn 2+ ion in our structure-Asp206 and Asp208-have conformational differences in both their main-chain (β5-αG loop) and side-chain atoms when compared with Rat1/Xrn2 (Fig. 4d) . As a consequence, the Mn 2+ ion observed in the Xrn1 structure cannot maintain a similar binding mode in Rat1/Xrn2 unless there is a conformational change in the latter.
A collection of missense mutations in Xrn1 that had severely reduced nuclease activity has been identified from a genetic screen 23 . Most of these mutations are in CR1 and are located in the active site of Xrn1 (Fig. 4c) . Three additional mutations-C201R, L592P and W798R-are located in the hydrophobic core of the structure. Therefore, all of these mutations either directly disrupt the active site or indirectly disturb the overall structure of the enzyme.
Our biochemical data indicate that domain D1 is required for the nuclease activity of Xrn1, whereas domains D2-D4 are important but might not be essential for catalysis. Earlier deletion studies with yeast Xrn1 were based on a truncation that started in the middle of domain D4 (ref. 23) , which probably caused the unfolding of this domain and may in turn have had detrimental effects on the other domains.
The four Xrn1-specific domains cover up one side of CR1 (Fig. 2a) , whereas Rai1 is located at the bottom of CR1 in the complex with Rat1/Xrn2 (ref. 26) (Fig. 4b) . Therefore, the relative positions of the four domains in Xrn1 are entirely different from those of Rai1. In addition, our biochemical and functional studies showed that Rai1 has RNA 5′-end pyrophosphohydrolase and decapping activities, which are important for RNA 5′-end capping quality control 26, 49 . In comparison, the four domains in Xrn1 are unlikely to have any catalytic activity. On the other hand, Rai1 can indirectly enhance the activity of Rat1/Xrn2, possibly by stabilizing the overall structure of the enzyme 26, 27 . In that regard, it would be interesting to investigate whether the protein partners of Xrn1, possibly recruited through the four Xrn1-specific domains, can also regulate the exoribonuclease activity of this enzyme.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
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